How diverse neuronal types are sequentially generated from individual neural stem cells is a central question in neurobiology. This "temporal patterning" is controlled by both intrinsic and extrinsic cues. Whether and how extrinsic cues interact with intrinsic programs to increase neuronal diversity, or if they only fine-tune the timing of temporal transitions, is not known. We use the simple Drosophila mushroom body lineage, comprised of only three neuronal types that are sequentially produced, to address the role of extrinsic cues in temporal patterning. As they age, mushroom body stem cells (neuroblasts) advance through intrinsic and opposing temporal gradients of two RNA-binding proteins, Imp and Syp. These intrinsic gradients are used to first produce g, then a'b', and finally ab neurons. The specification of each neuronal type is temporally confined to specific developing stages, and progression from one temporal window to the next occurs concurrently with key, developmental events. This suggests that extrinsic cues play important roles in patterning temporal identity in this lineage. We show that an extrinsic cue, Activin, not only times the young (Imp) to old (Syp) neuroblast fate transition but that it is also essential for increasing neuronal diversity by defining the mid-temporal window (a'b') . Activin reduces the levels of the intrinsic factor Imp, creating a scenario where Imp and Syp are both at low levels for an extended period. In Activin receptor mutants, a'b' neurons are not generated because high Imp levels inhibit the activation of a'b' effectors, including ecdysone receptor signaling.
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Introduction:
The building of intricate neural networks during development is controlled by highly coordinated patterning programs that regulate the generation of different neuronal types in the correct number, place and time. The sequential production of different neuronal types is a conserved feature of neurogenesis and is called temporal patterning (Holguera and Desplan, 2018; . We study temporal patterning in Drosophila neural stem cells, called neuroblasts, and focus on how intrinsic and extrinsic temporal mechanisms converge to control the generation of neuronal diversity.
The first insights into intrinsic mechanisms of temporal patterning were discovered in Drosophila embryonic ventral nerve cord (VNC) neuroblasts, which produce neurons that are the functional equivalent to those in the vertebrate spinal cord (Brody and Odenwald, 2000; Doe, 2017; Grosskortenhaus et al., 2005 Grosskortenhaus et al., , 2006 Isshiki et al., 2001; Kambadur et al., 1998; Pearson and Doe, 2003; Tran and Doe, 2008) . VNC neuroblasts produce a large number of unique neuronal types. To achieve this, each neuroblast sequentially expresses a series of temporal transcription factors (tTFs) as it ages, with each tTF being expressed for only 1-2 cell divisions. Neurons born within each tTF window are endowed with a specific temporal identity.
Postembryonic neuroblasts in the Drosophila optic lobes and intermediate neural progenitors (INPs) born from specialized neuroblasts in the central brain (called Type II neuroblasts) also produce highly diverse sets of neurons sequentially (Abdusselamoglu et al., 2019; Bayraktar and Doe, 2013; Bello et al., 2008; Bertet et al., 2014; Boone and Doe, 2008; Bowman et al., 2008; Eroglu et al., 2014; Li et al., 2013; Suzuki et al., 2013) . Once again, they rapidly progress through a tTF series, although the identity of the tTFs differ from those in the VNC. In all of these examples, advancement through a tTF series is quick and intrinsic, such that interactions among tTFs allow neuroblasts to progress through successive temporal windows without the need for extrinsic input (Averbukh et al., 2018; Doe, 2017; Rossi et al., 2017) .
The majority of postembryonic central brain neuroblasts produce a large number of neuronal types like the neuroblasts in the embryonic VNC or optic lobes but do so over the course of many days, many more cell divisions, and multiple developmental stages, leading to larger lineages Wang et al., 2014; Yu et al., 2010 Yu et al., , 2013 . Rapidly progressing tTF series have not been described in central brain neuroblasts. Although such tTFs are likely to exist in these neuroblasts, they also use a different type of temporal patterning mechanism, one that incorporates both intrinsic and extrinsic cues. They express two RNA-binding proteins in highly extended and opposing temporal gradients, IGF-II mRNA binding protein (Imp) when they are young and Syncrip (Syp) when they are old (Dillard et al., 2018; Genovese et al., 2019; Liu et al., 2015; Ren et al., 2017; Syed et al., 2017a) , defining two broad temporal windows. Inhibition between Imp and Syp contributes, but is not sufficient, to account for the transition from young (Imp) to old (Syp) states (Dillard et al., 2018; Liu et al., 2015; Ren et al., 2017; Syed et al., 2017b Syed et al., , 2017a . A factor that is necessary for this absolute transition is Seven-Up (Svp), which is part of an intrinsic temporal series and is transiently expressed early during the Imp temporal window (Ren et al., 2017; Syed et al., 2017a) . In the absence of Svp, neuroblasts remain forever young and continuously express Imp. Extrinsic input acts within this intrinsic program, as Svp is necessary for the expression of the Ecdysone receptor (EcR), a nuclear hormone receptor, in neuroblasts (Syed et al., 2017a) . Ecdysone is responsible for major developmental transitions, including the transitions between the three larval stages, entry into pupation, and for eclosion (Yamanaka et al., 2013) . Ecdysone fine-tunes the timing of the Imp to Syp switch but, unlike Svp, it is not necessary for it as inhibiting ecdysone reception only leads to a delay in the transition, which causes an increase of the number of cells with a young identity (Dillard et al., 2018; Syed et al., 2017a) .
One question that has remained unanswered is whether extrinsic cues play a role beyond timing temporal identity transitions in neuroblasts and if they can also contribute to the generation of neuronal diversity (Kawaguchi, 2019; Syed et al., 2017b) . To address this question, we focused on the Drosophila mushroom body lineage. Mushroom body neurons (Kenyon cells) are extensively studied for their roles in learning and memory (Cognigni et al., 2018) . They are born from four identical neuroblasts per hemisphere, which divide continuously from the late embryonic stages until the end of pupation (~9 days for ~250 divisions each) ( Figure 1A ) (Ito et al., 1997; Kraft et al., 2016; Kurusu et al., 2009; Pahl et al., 2019; Siegrist et al., 2010; Sipe and Siegrist, 2017) . Within this very long period, only three main neuronal types are produced sequentially, first g, followed by a'b', and then ab ( Figure 1A) , representing the simplest lineage in the central brain. Because of this neuronal simplicity, the broad temporal windows defined by Imp and Syp are sufficient to define the three major neuronal types (Liu et al., 2015) and do not require further subdivision by sequences of tTFs, as in other neuroblasts. Moreover, extrinsic cues likely play an important role in patterning the three neuronal types since the timing of their specification is limited to time points between developmental stages of the animal ( Figure 1A) :
The g temporal window extends from L1 (the first larval stage) until mid L3 (the final larval stage) when animals attain critical weight and are committed to metamorphosis, the a'b' window from mid L3 to the beginning of pupation, and the ab window from pupation until eclosion (the end of development) . Additionally, temporal window duration is affected by the nutritional status of the animal (Lin et al., 2013) . For example, the g temporal window (and the time spent in an early larval stage) is extended upon early starvation, resulting in the generation of additional g neurons without affecting later temporal windows (Lin et al., 2013) .
How broad Imp and Syp gradients pattern temporal identity is best understood in the mushroom body lineage: Imp positively and Syp negatively regulate the translation of chronologically inappropriate morphogenesis (chinmo), a transcription factor that also acts as a temporal morphogen but in mushroom body neurons, rather than in neuroblasts (Kao et al., 2012; Ren et al., 2017; Zhu et al., 2006) . The first-born g neurons are produced for the first ~85 cell divisions, when Imp levels in neuroblasts, and thus Chinmo in neurons, are high. a'b' neurons are produced for the next ~40 divisions, when Imp and Syp are at roughly equal and low levels. These lower levels of Imp in neuroblasts are important for lower Chinmo levels in neurons born at this time, which activates the expression of EcR and maternal gene required for meiosis (mamo), which itself is stabilized by Syp and required for a'b' specification (Liu et al., 2019; Marchetti and Tavosanis, 2017) . ab neurons are generated for the final ~125 neuroblast divisions, when Syp levels are high and Imp is no longer expressed. This neuronal simplicity and extensive knowledge about the intrinsic temporal patterning mechanism, coupled with tools to label and target neuronal types during development and in the adult, provided us with a unique opportunity to investigate whether and how extrinsic cues interact with an intrinsic temporal patterning mechanism to affect neuronal diversity.
Here we show that an extrinsic signal, Activin, not only times the young (Imp) to old (Syp) temporal transition but also lowers Imp levels to define the mid, a'b' temporal identity window.
Inhibiting Activin signaling in mushroom body neuroblasts leads to the loss of the second-born a'b' neurons, to fewer last-born ab neurons, and to the likely generation of additional first-born g neurons. We uncovered the mechanism for how a'b' neurons are lost in Activin signaling mutants by showing that low Imp levels in neurons are essential for their expression of EcR, which responds to a second extrinsic cue and is necessary but not sufficient for a'b' specification, partly by controlling the activation of Mamo. Thus, we show that the sequential generation of neuronal diversity during development is controlled by the intrinsic progression of temporal factors that are modified by an extrinsic cue. These findings could help us better understand the functions of extrinsic signaling during vertebrate neurogenesis, which also incorporate extrinsic cues to control the sequential birth of neuronal types (Desai and McConnell, 2000; Dias et al., 2014; Frantz and McConnell, 1996; Kawaguchi, 2019; McConnell, 1988; Oberst et al., 2019) .
Results:
a'b' neurons are not generated in babo and EcR mutants As described above, mushroom body temporal windows are limited within developmental stages of the animal, as the g window extends from L1 to mid L3, the a'b' window from mid L3 to pupation, and the ab window from pupation to eclosion ( Figure 1A ) . This means that extrinsic cues could play a role in controlling or fine-tuning temporal transitions. Additionally, the specification of neuronal identity within each temporal window could be aided by extrinsic cues that change during development. To test these hypotheses, we performed a directed screen using Mosaic Analysis with Repressible Cell Marker (MARCM) , targeting inter-cellular signaling pathways with known roles either in mushroom body neurogenesis (Activin and ecdysone) (Lee et al., 2000; Zheng et al., 2003) or more broadly during nervous system development (Hedgehog and juvenile hormone) ( Figure S1 ) (Baumann et al., 2017; Chai et al., 2013) . We induced mutant neuroblast clones at L1 and compared the axonal morphologies of adult neurons born from a mutant mushroom body neuroblast to neurons born from the other wildtype mushroom body neuroblasts in the same hemisphere. To identify axonal lobes (both mutant and wildtype), we used antibodies to Trio (g and a'b' marker) or to FasII (an axonal g and ab marker) ( Figure 1A') (Awasaki et al., 2000; Crittenden et al., 1998) . To visualize mushroom body neurons within clones we used OK107-Gal4 (referred to as mb-Gal4 hereafter), a Gal4 enhancer trap in eyeless and a common mushroom body Gal4 driver that strongly labels all mushroom body neuronal types and weakly mushroom body neuroblasts throughout development (Connolly et al., 1996; Liu et al., 2015; Zhu et al., 2006) . We identified the Activin type-I receptor, Baboon (Babo), and EcR, as important for the specification of the second-born a'b' neurons ( Figures 1B-H , S1A-C). EcR was already known to regulate a'b' identity (Marchetti and Tavosanis, 2017) .
In wildtype clones induced at L1, GFP-labeled axons projected to all five mushroom body lobes: α, α΄, β, β' (hidden behind the γ lobe in max projections), and γ ( Figures 1B, S1A ). In babo and EcR-DN clones however, we were unable to detect GFP+ axons within the a'b' lobes, which remained visible by Trio staining due to the presence of wildtype mushroom body neurons (Figures 1C-D, S1B-C). In addition, and as previously described, mutant g neurons remained unpruned in both mutant conditions (visualized by vertical GFP+ axons that were Trio+ and FasII+), providing a positive control for the efficiency of the mutants, since g remodeling is known to require Babo and EcR (Figures 1C-D, S1B-C) (Lee et al., 2000; Zheng et al., 2003) . Interestingly, we found that the EcR co-receptor, Ultraspiracle (Usp), was not necessary for the specification of a'b' neurons, although it was required for g neuron remodeling, consistent with previously published reports ( Figure S1D ) (Lee et al., 2000) . The phenotypic difference between EcR-DN and usp mutants may be due to differences in activation and/or repression of ecdysone target genes elicited by these factors, which have been shown by others (Ghbeish et al., 2001; Schubiger and Truman, 2000) .
To test whether a'b' neuron specification required the canonical Activin signaling pathway (Brummel et al., 1999) , we induced Smad2 mutant clones at L1 and characterized adult axonal morphologies. Smad2 is the transcriptional effector of the Activin pathway. Similar to babo mutant clones, Smad2 mutant clones were missing most a'b' neurons and contained unpruned g neurons ( Figure S1J ).
To test whether the absence of GFP+ axons within the a'b' lobes in babo and EcR-DN mutants was due to the loss of axonal projections or the loss of neuronal identity, we used two antibodies against molecular markers that strongly label a'b' neuron cell bodies in the adult: Trio and Mamo (Figures 1A', S1N) (Alyagor et al., 2018; Awasaki et al., 2000; Croset et al., 2018; Liu et al., 2019) . In wildtype clones induced at L1 and analyzed in the adult, we detected strong Trio+ and Mamo+ cells within GFP+ clones ( Figures 1E, S1K ). In both babo and EcR-DN mutant clones however, the vast majority of strong Trio+ and Mamo+ cells inside clones were missing compared to surrounding wildtype mushroom body neurons (Figures 1F-G, S1L-M). We quantified this phenotype in wildtype, babo and EcR-DN clones by counting the number of Mamo+ cells within a clone versus the total number of Mamo+ cells outside the clone but within the same hemisphere. Imp (red) and Chinmo (red) to specify g neurons for ~85 neuroblast divisions (red-dashed box). From mid L3 to metamorphosis, when Imp and Syp (cyan) are both at low levels, the same neuroblast divides ~40 times to produce a'b' neurons (magenta-dashed box). Low Chinmo levels regulate the expression of EcR and Mamo, determinants of a'b' identity. From the beginning of metamorphosis throughout pupal development, high Syp without Imp leads to ab neurons (cyan-dashed outline). A'. Known molecular markers can distinguish between the three mushroom body neuronal types in the adult. Mushroom body projections originating from neurons born from four neuroblasts (numbered 1 to 4) per hemisphere fasciculate into a single bundle (peduncle) before branching into the five mushroom body lobes. The first-born g neurons (red) remodel during development to project into a single, medial lobe in the adult. This lobe is the most anterior of the medial lobes. Axons from a'b' neurons (magenta) bifurcate to project into the vertical and medial a' and b' lobes. The b' lobe is posterior to the g lobe. The last-born ab neurons (cyan) also bifurcate their axons into the vertical projecting a lobe and medial projecting b lobe. The a lobe is positioned adjacent and medial to the a' lobe. The b lobe is the most posterior medial lobe. B-D. Representative max projections showing adult axonal projections of clonally related neurons born from L1 stage in wildtype, babo, and EcR-DN conditions. UAS-CD8::GFP is driven by mb-Gal4 (OK107-Gal4). Outlines mark GFP+ axons, where g axons are outlined in red, a'b' axons are outlined in magenta, and ab axons are outlined in cyan. A white box outlines the Inset panel. Trio (magenta) is used to label all g and a'b' axons for comparison to GFP+ axons. B. In wildtype, GFP+ axons (green, outlined in red, magenta and cyan) are visible in all observable mushroom body lobes. C. In babo mutants, g neurons (red outline) remain unpruned. GFP+ axons are missing inside the Trio+ a' lobe, indicating the absence of a'b' neurons. D. The same loss of a'b' axons, and the defect in g neuron remodeling, are observed in EcR-DN expressing clones. E-G. Representative, single z-slice from the adult cell body region of clones induced at L1 in wildtype, babo and EcR-DN conditions. UAS-CD8::GFP is driven by mb-Gal4. E. Wildtype clones show the presence of strongly expressing Trio (magenta) and Mamo (blue, gray in single channel) neurons, indicative of a'b' identity. F. In babo mutant clones, cells strongly expressing Trio and Mamo are not present. G. Similarly, in EcR-DN clones, strong Trio and Mamo cells are not present. H. Quantification of MARCM clones marked by mb-Gal4, which labels all mushroom body neuronal types. The number of a'b' neurons are quantified in wildtype (n=7), babo (n=8) and EcR-DN (n=6) conditions. Plotted is the percentage of strong Mamo and GFP+ cells (clonal cells) versus all Mamo+ cells (clonal and non-clonal cells) within a single mushroom body. In wildtype, 25.5% of the total strong Mamo expressing cells (a'b' neurons) are within a clone, consistent with our expectation since each mushroom body is made from four neuroblasts. In babo clones, only 2.2% of a'b' neurons are within a clone. In EcR-DN clones, only 3.4% of a'b' neurons are within a clone. H'. There are no significant differences between the average clone sizes (wildtype:533.6, babo:551.3, EcR-DN:509.1) in the three conditions. I. Quantification of g neurons marked by g-Gal4 (71G10-Gal4) in MARCM clones. Plotted is the total number of g neurons marked by GFP and Trio in wildtype (n=10) and babo mutant (n=12) clones. In wildtype, the average number of g neurons is 154.3. In babo mutants, the average is 178.4. J. Quantification of a'b' neurons marked by a'b'-Gal4 (41C07-Gal4) in MARCM clones. Plotted is the total number of a'b' neurons marked by GFP and strong Trio in wildtype (n=4) and babo mutant (n=8) clones. In wildtype, the average number of a'b' neurons is 81.5. In babo mutants, the average is 2.1. K. Quantification of ab neurons marked by ab-Gal4 (44E04-Gal4) in MARCM clones. Plotted is the total number of GFP+ cells in wildtype (n=7) and babo mutant (n=8) clones. In wildtype, the average number is 276. In babo mutants, the average number is 228.9. In all cases, whisker plots represent the minimum value (bottom whisker), first quartile (bottom of box to middle line), inclusive median (middle line), third quartile (middle line to top of box) and maximum value (top whisker). The "x" represents the average value. Outliers are 1.5 times the distance from the first and third quartile. For H and H', a Tukey test was performed. Reported significance is compared to wildtype. For I-K a two-sample, two-tailed t-test was performed. ***p<0.001, **p<0.01, ns: not significant.
In wildtype MARCM clones affecting a single mushroom body neuroblast (n=7), the percentage of a'b' neurons within clones was 25.5%, the expected ratio since each mushroom body is built from four identical neuroblasts ( Figure 1H ) (Ito et al., 1997; . In comparison, in babo (n=8) and EcR-DN (n=6) clones, the percentage of a'b' neurons within clones was 2.2% and 3.4%, respectively ( Figure 1H ). These data show that both Babo and EcR are necessary for a'b' specification.
We next sought to determine the fate of the missing a'b' neurons in babo and EcR-DN clones, particularly since there was no significant difference in average clone size between wildtype and mutant clones (wildtype: n=7, clone size= 533.6; babo: n=7, clone size = 551.3; EcR-DN: n=7, clone size = 509.1) ( Figure 1H' ). First, we tested whether cell death played a role in the loss of a'b' neurons by expressing the caspase inhibitor P35 in babo and EcR-DN clones ( Figures   S2A-B ). In both cases, there were still no a'b' neurons based on axonal morphology ( Figures S2A-B ), indicating that a'b' neurons are not generated in these mutant conditions, and that they are not born and then die. Next, we tested whether either the g or ab temporal window became extended in these mutant conditions. It has recently been shown that expression of EcR-DN in the mushroom body during development leads to an increased number of last-born ab neurons (Marchetti and Tavosanis, 2017) . To determine whether a similar outcome occurs in a babo mutant, we made MARCM clones in which either g, a'b' neurons or ab neurons were specifically marked, and then quantified the total number of GFP+ neurons in wildtype versus babo mutant conditions (Figures 1I-K, S2C-N). Using a g driver, R71G10-Gal4 (referred to as g-Gal4), the average number of g neurons marked by GFP and Trio increased in babo mutants, although not significantly (wildtype: a'b' neurons, marked by 41C07-Gal4 (referred to as a'b'-Gal4) and by strong Trio, were almost entirely missing in babo mutants compared to wildtype clones (wildtype: n=4, 81.5; babo: n=8, 2.1) consistent with our previous results in babo clones marked by mb-Gal4 ( Figures 1J, 1H , S2G-J). The average number of ab neurons, marked by 44E04-Gal4 (referred to as ab-Gal4), was significantly reduced in babo versus wildtype clones (wildtype: n=7, 276; babo: n=8, 228.9) (Figures 1K, S2K-N). Together, these results suggest that additional g neurons are produced, and show that fewer ab neurons are generated, in a babo mutant. It is likely that the increase in the number of g neurons was not significant because this population is very sensitive to the timing of our clone induction (and thus variation between clones is large), unlike the number of a'b' and ab neurons (see Methods).
Babo, but not EcR, acts in neuroblasts to affect the Imp to Syp ratio by lowering Imp
It has been proposed that a'b' neuronal specification depends on the inheritance of roughly equal amounts of the two RNA binding proteins, Imp and Syp, from mushroom body neuroblasts (Liu et al., 2015) . Given that a'b' neurons were missing in babo and EcR-DN mutants, we asked whether these extrinsic signaling pathways act through or in parallel to Imp and Syp levels. To test this, we induced MARCM clones for babo or EcR-DN at L1 and compared the Imp to Syp ratio in Figure 2 . Extrinsic signaling through Babo, but not EcR, affects the Imp to Syp ratio in mushroom body neuroblasts. A-A'. Representative image of an EcR-DN neuroblast marked by UAS-CD8::GFP driven by mb-Gal4 (red box) ventral to a wildtype neuroblast (green-dashed box) from the same wandering L3 stage brain, immunostained for Imp (blue, gray in single channel) and Syp (magenta). B. Close-up view of wildtype neuroblast (green-dashed box in A). C. Close-up view of EcR-DN neuroblast (red box in A'). D. Quantification of the Imp to Syp ratio in EcR-DN neuroblasts (n=4 from 4 different brains) compared to wildtype (n=27 from the same 4 brains as EcR-DN neuroblasts). E. Representative image of a babo mushroom body neuroblast marked by UAS-CD8::GFP driven by mb-Gal4 (red box) adjacent to a wildtype neuroblast (green-dashed box) in the same focal plane from a wandering L3 stage brain, immunostained for Imp (blue, gray in single channel) and Syp (magenta). F. Close-up view of wildtype neuroblast (green-dashed box in E). G. Close up view of babo mutant neuroblast (red box in E). H. Quantification of Imp to Syp ratio in babo neuroblasts (n=9 from 4 different brains) compared to wildtype (n=23 from the same 4 brains as babo neuroblasts). Data in D and H are plotted as whisker plots with the same constraints as in Figure  1 . A two-sample, two-tailed t-test was performed. ***p<0.001, ns: not significant. 
E mutant mushroom body neuroblasts to surrounding wildtype neuroblasts at wandering L3, the time at which a'b' neurons are produced ( Figure 2) . Surprisingly, and in contrast to what has been reported for other central brain neuroblasts (Syed et al., still declines and Syp still increases through time independent of Activin signaling, and that these changes are either intrinsically regulated or affected by additional extrinsic factors. These findings that Imp is higher are also consistent with our suggestion that, in babo mutants, additional g neurons are produced and our result that the number of ab neurons decreased, since Imp levels remain higher for a longer period of time and likely produce g neurons during the a'b' time window and also at the beginning of the ab window. The lack of a'b' neurons in a babo mutant, even though at ~24 hours APF Imp levels were low, indicates that a'b' neurons can only be specified from L3 to the start of pupation, a relatively narrow temporal window, perhaps because of the ecdysone peak at this time point.
EcR, but not Babo, acts in neurons to specify a'b' identity.
Our result that the Imp to Syp ratio was unaffected in EcR-DN expressing neuroblasts (Figures 2A-D) made us consider that EcR may not be expressed in mushroom body neuroblasts at this stage. Therefore, we characterized EcR expression in the mushroom body at L3 stage using an EcR antibody and an EcR-GFP protein trap built from a MiMIC insertion ( Figures 3A-B, S4A-B ).
At wandering L3 stage, we could not detect EcR by EcR-GFP or EcR antibody in mushroom body Figure 1H ).) or NB + mb2-Gal4 (n=6) compared to wildtype (n=7, replotted from data in Figure 1H ). Plotted is the percentage of strong Mamo+ and GFP+ cells (clonal cells) versus all Mamo+ cells only (clonal and non-clonal cells) within a single mushroom body. In wildtype, 25.5% of the total strong Mamo expressing cells (a'b' neurons) are within a clone. In EcR-DN clones driven by mb-Gal4, only 3.4% of a'b' neurons are within a clone. In EcR-DN clones driven by NB + mb2-Gal4, 24.6% of a'b' neurons are within a clone, similar to wildtype. Data in F are plotted as whisker plots with the same constraints as in Figure 1 . A Tukey test was performed. Reported significance is compared to wildtype. ***p<0.001, ns: not significant.
neuroblasts co-stained for the pan-neuroblast marker Deadpan (Dpn) ( Figures 3A-A' , S4A-A').
However, EcR was present in mushroom body neurons, consistent with previous reports ( Figures   3B-B ', S4B-B') (Lee et al., 2000; Liu et al., 2015; Marchetti and Tavosanis, 2017) . This likely explains why Imp and Syp levels were not affected by the presence of EcR-DN (Figures 2A-D, S3A-A'). To further confirm that this was not due to weak expression of mb-Gal4 in neuroblasts, we constructed MARCM stocks containing inscuteable-Gal4 (referred to as NB-Gal4) to drive strong expression of UAS-EcR-DN in neuroblasts. Because NB-Gal4 is not expressed in the adult, we used R13F02-Gal4 (referred to as mb2-Gal4), to label all adult mushroom body neuronal types (Jenett et al., 2012) . Neurons positioned in close proximity to mushroom body neuroblasts (i.e. newborn) during development were not labeled by NB-Gal4 + mb2-Gal4 but were labeled by mb-Gal4 (compare arrows in Figures S4C-D' ). More mature neurons further away from the neuroblasts were labeled by both drivers. We induced wildtype and EcR-DN clones at L1 with NB-Gal4 + mb2-Gal4 and compared GFP+ axonal morphologies to wildtype axonal morphologies marked by FasII expression in the adult. We also quantified the number of a'b' neurons by strong Mamo expression. As we already described above, only 3.4% of a'b' neurons were within EcR-DN clones when mb-Gal4 was used (n=6) (Figures 3C, 3F ). In comparison, EcR-DN clones driven by NB-Gal4 + mb2-Gal4 (n=6) contained 24.6% of all a'b' neurons, similar to the 25.5% in wildtype clones driven by mb-Gal4 (n=7) ( Figures 3D-F) . The remodeling defect of g neurons was observed in both cases, consistent with the fact that mb-Gal4 and NB-Gal4 + mb2-Gal4 both drive expression in g neurons at L3 ( Figures 3C, 3E , S4C-D'). Taken together, these results demonstrate that EcR is not required in neuroblasts (and is not expressed there) to specify a'b' neurons but that it rather acts only in differentiating neurons.
This result is in contrast with our observation that Babo acts in mushroom body neuroblasts during L3, leading to a strong decrease in Imp without significantly affecting Syp, causing a difference in the Imp to Syp ratio ( Figures 2E-H, S3B-B') . However, previous studies have shown that Babo induces expression of EcR in remodeling g neurons, indicating that it can act independently in neuroblasts and in neurons (Zheng et al., 2003) . To test if Babo, like EcR, also functions in a'b' neurons to specify their fate, we characterized the morphology of neurons born from ganglion mother cell (GMC) clones induced during late L3, the time in which a'b' neurons are born. GMCs are intermediate progenitors that are derived from neuroblasts but divide only once to produce two neurons. In this way, we made only one or two prospective a'b' neurons babo mutant without affecting mushroom body neuroblasts (see Methods). In comparison to neuroblast clones induced at L1, a'b' neurons were present in babo GMC clones induced at L3, observable by axonal projections into the Trio labeled a'b' lobes ( Figure S4E-E') . As a positive control for the efficiency of babo GMC clones, we also made babo GMC clones at L1 to target g neurons:
Their axons remained unpruned as expected based on previous reports ( Figure S4F -F') (Zheng et al., 2003) . (Liu et al., 2015) . It has already been shown that Imp and Syp are both required for a'b' specification, results that we confirmed ( Figure S5 ) (Liu et al., 2015) . Knockdown or overexpression of Imp resulted in the loss of EcR in all mushroom body neurons at L3, demonstrating that the maintenance of specific Imp levels, not simply its presence or absence, is important for the expression of EcR ( Figures 4B-C) .
Surprisingly, neither Syp knockdown nor Syp overexpression affected EcR expression ( Figures   4D-E ). Furthermore, we assessed Mamo expression at L3 as a marker for a'b' identity (Liu et al., 2019) . Similar to EcR expression, Mamo expression was missing in Imp knockdown or overexpression assays ( Figures 4B'-C') . In contrast, Syp knockdown, but not its overexpression, resulted in the absence of Mamo expression ( Figures 4D'-E') . Taken together, these results show that a'b' specification requires low Imp levels to activate EcR and Syp to stabilize mamo transcripts, the latter which has been recently reported (Liu et al., 2019) .
We have shown that Activin signaling mediated through Babo speeds up the lowering of (Liu et al., 2019) . If EcR were to be the main factor required for a'b' specification, we should be able to rescue the missing a'b' neurons in babo neuroblast mutants by restoring EcR expression in neurons. We therefore induced babo mutant neuroblast clones and expressed UAS-EcR. We compared this rescue to babo neuroblast clones expressing UAS-babo. To ascertain whether our rescues were successful, we characterized GFP+ axonal morphologies of adult mushroom body neurons, focusing specifically on the a' and b' lobes ( Figure 5 ). Additionally, we quantified the rescue phenotype by assessing the number of strong Mamo+ neurons within clones in the adult ( Figure   5G ). As we reported above, the percentage of a'b' neurons within wildtype neuroblast clones (n=7) was 25.5%, while in babo neuroblast clones (n=8) it was 2.2%. The expression of UAS-babo in babo mutant clones (n=6) nearly fully rescued the missing a'b' neuron phenotype (n=6, average: 21.1%), as well as the g neuron remodeling phenotype ( Figures 5A-5C, 5G) . In contrast, the expression of UAS-EcR alone in babo mutant clones (n=8, average: 4.4%) did not significantly rescue a'b' identity but did rescue the remodeling defect of g neurons (Figures 5D, 5G ). This result shows that EcR is not sufficient to rescue the missing a'b' phenotype, implying that Babo and/or low Imp regulate the expression of additional genes required for a'b' specification. It also indicates that g neurons are not affected in babo mutants other than through their inability to express EcR at L3, which is expressed much later after their specification.
Restoring EcR together with increasing Syp in babo mutants partially rescues
Although babo mutants have higher Imp levels at L3, reducing Imp with RNAi led to the loss of a'b' neurons ( Figures 4B, S5B ) (Liu et al., 2015) . Thus, removing Imp in babo mutant clones was not an option to rescue a'b' identity. However, since babo mutants have a higher Imp to Syp ratio, and this ratio is proposed to regulate a'b' identity (Liu et al., 2015) , we asked whether lowering this ratio by overexpressing Syp in babo mutant clones could rescue the missing a'b' phenotype. Importantly, although Imp and Syp partially repress each other, overexpression of Syp with mb-Gal4 did not lead to the loss of a'b' neurons ( Figure S5E ) (Liu et al., 2015) . We found that Syp overexpression alone, like EcR expression alone, did not rescue the loss of a'b' neurons in babo clones (n=7, average: 1.8%) ( Figures 5E, 5G ). Unlike the EcR rescue, g neurons remained unpruned. We speculate that in this rescue condition, high Imp levels at L3 prevent the expression of EcR, which is necessary to specify a'b' neurons. This result is consistent with our model that the absolute level of Imp (i.e., low) is necessary for a'b' specification, not only a low Imp to Syp ratio.
Finally, we tested whether overexpressing EcR while increasing Syp in babo mutants would rescue a'b' neurons, reasoning that expressing EcR would partially restore the function of low Imp while overexpressing Syp would provide a lower Imp to Syp ratio. Indeed, a weak but significant rescue of the missing a'b' neuron phenotype was observed when Syp and EcR were expressed together in babo mutant clones (n=13, average: 6.3%) ( Figure 5F-G) . This small rescue highlights that the a'b' temporal window is extremely sensitive to both the Imp to Syp ratio, as well as to absolute Imp levels. It also indicates that multiple effector genes converge to specify a'b' fate.
In conclusion, we describe a novel mechanism used to generate neuronal diversity in Drosophila: the incorporation of an extrinsic signal (Activin) in neuroblasts modifies an intrinsic temporal factor (Imp) to control the expression of downstream effector genes (e.g., EcR) in neurons and thus neuronal identity (a'b') ( Figure 6 ). Disrupting either Activin or Ecdysone pathways affects temporal identity but in different manners: babo loss-of-function leads to fewer ab neurons and likely additional g neurons, presumably because Imp levels remain high for too long (modeled in Figure 6 ). In contrast, EcR-DN clones lead to additional ab neurons (Marchetti and Tavosanis, 2017) , as EcR cannot affect the Imp to Syp ratio in mushroom body neuroblasts at L3 and leads to neurons that are better primed to adopt an ab fate (modeled in Figure S6A-B) . Our results illustrate that neuronal diversity can be generated by adding an extrinsic cue onto an intrinsic temporal sequence and show that extrinsic cues can act beyond timing temporal transitions during neurogenesis.
Discussion:
Regulating temporal identity: the role of extrinsic cues Figure 1H ), babo (n=8, replotted from data in Figure 1H) , babo, UASbabo (n=6), babo, UAS-EcR (n=8), babo, UAS-Syp (n=7) and babo, UAS-EcR, UAS-Syp (n=13) conditions. In wildtype, 25.5% of the total strong Mamo expressing cells (a'b' neurons) are within a clone while they only represent 2.2% in babo clones.
Expressing UAS-babo rescues to 21.1%. In contrast, expression of UAS-EcR (4.4%) or UAS-Syp (1.8%) alone is not statistically different from babo. Rescuing with UAS-EcR and UAS-Syp together however raises the percentage of a'b' neurons within the clone to 6.3%, a partial but statistically significant result. Significance values were determined using a Tukey test. Reported significance is compared to babo. Whisker plots follow the same constraints as in Figure 1 . ***p<0.001, *p<0.05, ns: not significant.
We show here that the production of the three major mushroom body neuronal types is regulated by intrinsic and extrinsic cues during development ( Figure 6 ). Intrinsic temporal patterning in the central brain, including in the mushroom bodies, is regulated through opposing gradients of Imp and Syp in neuroblasts (Liu et al., 2015; Ren et al., 2017; Syed et al., 2017a) . Conceptually, how Imp and Syp gradients translate into different neuronal identities through time has been compared to how morphogen gradients pattern tissues in space, for instance patterning of the anteriorposterior axis of the Drosophila embryo, where the Bicoid morphogen positioned at the anterior pole of the egg, and Nanos at the posterior, are converted into discrete spatial domains that define cell fate (Briscoe and Small, 2015; Liu et al., 2019) . In brain neuroblasts, Imp and Syp are temporal "morphogens" that can roughly separate young and old temporal states. It is unclear how the various neuronal types that are produced by the majority of neuroblasts can arise from just two Figure 6 . Model of how Activin signaling defines the mid-temporal identity window. In wildtype, as development proceeds, mushroom body neuroblasts incorporate an extrinsic cue (Activin) through Babo to lower the level of the intrinsic temporal factor Imp. The lower Imp levels inherited by newborn neurons promote EcR expression through low Chinmo levels. Ecdysone signaling through EcR then controls the expression of the a'b' effector Mamo to define the mid-temporal window (magenta dashed lines). In babo mutants, Imp remains higher for longer, leading to the loss of EcR and thus Mamo during late L3 in neurons. In this scenario, g neurons are increased, a'b' neurons are lost and fewer ab neurons are produced (magenta dashed lines). However, the Imp to Syp transition still occurs, allowing for young (g) and old (ab) fates to be produced. broad temporal windows. An intriguing hypothesis is that perhaps similarly to how the gap genes in the Drosophila embryo act downstream of the anterior-posterior morphogens, tTF series could act downstream of the two broad temporal windows (Liu et al., 2019) . However, we show in the mushroom body lineage, where only three main neuronal types are produced for dozens to hundreds of divisions from a single neuroblast, that extrinsic cues can act directly on the intrinsic program to convert two broad temporal windows into three to define an additional neuronal type.
Although mushroom body neurogenesis is unique and simple, subdividing broad temporal windows by incorporating extrinsic cues may be a simple way to increase neuronal diversity in other central brain lineages.
We propose that, during the early stages of mushroom body development, high Imp levels are translated into high Chinmo levels to specify g identity. As in other central brain neuroblasts, as development proceeds, intrinsic but weak inhibitory interactions between Imp and Syp help create a slow decrease of Imp and a corresponding increase of Syp. However, at the end of the g window, Activin signaling through Babo acts to rapidly reduce Imp levels without affecting Syp, establishing a period of low Imp (and thus low Chinmo) and also low Syp. This is required for activating effector genes, including EcR, in prospective a'b' neurons, allowing them to respond to the peak of ecdysone at this stage that then regulates additional effectors such as Mamo, which is stabilized by Syp (Liu et al., 2019) . The production of ab identity begins when Imp (and thus Chinmo) are further decreased and Syp levels are high, as well as from ecdysone input directly in ab neurons ( Figure 6 ) (Kucherenko et al., 2012; Marchetti and Tavosanis, 2017; Wu et al., 2012) .
In the absence of Babo, low Imp levels are only reached later, thus explaining the decreased number of ab neurons and the likely increase of g neurons.
In non-mushroom body central brain neuroblasts, the absolute transition from Imp to Syp is controlled by a member of the intrinsic temporal series, Seven-up (Svp), and thus it functions as a switching factor (Dillard et al., 2018; Kanai et al., 2005; Maurange et al., 2008; Narbonne-Reveau et al., 2016; Ren et al., 2017; Syed et al., 2017a) . The exact timing of the Imp to Syp transition in central brain neuroblasts however is controlled by extrinsic signaling through EcR, which is downstream of Svp. Thus, the function of ecdysone is to time the Imp to Syp switch, but it is not necessary for it since it still occurs in the presence of EcR-DN, although delayed (Dillard et al., 2018; Syed et al., 2017a) . It is not known whether neuronal diversity is affected when ecdysone signaling is blocked in these lineages (Syed et al., 2017a) . Interestingly, Svp does not play the same role during mushroom body development, as all three neuronal types were present in svp mutant clones ( Figure S1I ). Similar to how ecdysone signaling promotes the Imp to Syp transition in most central brain neuroblasts, Activin signaling promotes the Imp to Syp transition in mushroom body neuroblasts. In both cases however, blocking reception of either only delays the transition. For example, we showed that Imp levels declined and Syp levels increased through time in mushroom body neuroblasts regardless of whether they received Activin input ( Figure S3I -J). Although there is an antagonistic relationship between Imp and Syp, it does not appear to be enough to account for the absolute Imp to Syp transition. However, this interaction is likely important for creating discrete, young versus old temporal windows, which are observed by the binary expression of factors such as Chinmo and Broad in neurons (Liu et al., 2015; Maurange et al., 2008; Syed et al., 2017a) . Thus, the role of the extrinsic Activin cue during mushroom body development is twofold: First, to modify the intrinsic program to create a temporal window that otherwise could not exist (i.e., an extended low Imp, low Syp window), and second, to time the Imp to Syp transition (like ecdysone in other central brain neuroblasts).
Mamo expression in mushroom body neurons was recently shown to be a marker of midtemporal fate, labeling a'b' neurons from the time of their birth (Liu et al., 2019) . As the a'b' temporal window extends from mid L3 to pupation, may neurons are Mamo+. In comparison, in antennal lobe lineages that produce highly diverse projection neurons as part of the olfactory processing system, Mamo only labels a handful of neurons during development (Liu et al., 2019) .
This could mean that the majority of central brain neuroblasts have a very short, mid-temporal phase (Liu et al., 2015; Ren et al., 2017; Syed et al., 2017a; Yang et al., 2017) . The role of Activin signaling during mushroom body development can be interpreted as extending the mid-temporal phase by promoting the decrease of Imp levels without leading to a corresponding increase in Syp levels, leading to many more neurons with mid-temporal identity (i.e. a'b' neurons). It will be interesting to test whether an extended mid-temporal phase could be induced by extrinsic signals in non-mushroom body neuroblasts and whether this would lead to new neuronal types. For example, since expressing EcR-DN in non-mushroom body neuroblasts leads to prolonged Imp expression and an extension of neuroblast life (Dillard et al., 2018; Homem et al., 2014; Syed et al., 2017a) , perhaps these neuroblasts maintain a longer mid-temporal window that includes novel neuronal types, which could be initially monitored by Mamo expression.
Local or systemic Activin ligand(s) could act on mushroom body neuroblasts
Our finding that Activin signaling plays an important role in specifying mid-temporal identity during mushroom body development leads to the question of where the ligand originates. Our initial hypothesis that we are still exploring, is that glia are the source since they are already known to produce the Activin ligand Myoglianin necessary for the remodeling of mushroom body g neurons (Awasaki et al., 2011) . However, our initial attempts to knockdown individual Activin ligands from glia have not led to the loss of a'b' neurons, although we could recapitulate the g neuron remodeling defect ( Figure S6C-D) . In the vertebrate cortex, one mechanism for switching temporal identity is through feedback from earlier born neurons in order to control the number of neurons produced (Parthasarathy et al., 2014; Seuntjens et al., 2009; Toma et al., 2014; Wang et al., 2016) . However, knocking-down a combination of Activin ligands from mushroom body neurons did not result in the loss of a'b' neurons ( Figure S6E ). It is possible that Activin ligands act redundantly or that multiple sources exist. Thus, simultaneously knocking-down combinations of Activin ligands from multiple sources may be necessary to elicit a phenotype. It is also possible that whichever Activin ligands are used, they might not be generated from a local source and might instead be systemic, given that mushroom body temporal windows are constrained within developmental stages. Although Activin signaling is typically thought to be a short-range signaling pathway, TGFb ligands can act systemically (Upadhyay et al., 2017) . For example, it was recently shown in Drosophila that the BMP ligand Dpp, emanating from larval imaginal discs, acts as a developmental timer: as the animal grows, systemic Dpp is trapped by larger tissues, which is sensed by the ecdysone releasing organ to regulate entry into metamorphosis (Setiawan et al., 2018) . The potential importance of local and/or systemic Activin ligands and how they might affect neuronal diversity and temporal patterning will be the topic of future investigations.
Mechanisms to define mushroom body neuronal subtypes
In this study, we have focused on the three main classes of mushroom body neurons. However, it is known that at least 7 subtypes exist: 2 g, 2 a'b' and 3 ab (Aso et al., 2014) . These subtypes are distinguishable based on slightly different morphologies and by a few molecular markers in the adult. Interestingly, single cell sequencing of the adult central brain cannot (as of now) segregate beyond the three main classes, suggesting highly similar transcriptional profiles between neuronal subtypes (at least in the adult) (Croset et al., 2018) . The mechanisms through which these neuronal subtypes are specified is unknown. We do know that the subtypes are specified sequentially, ruling out the possibility of a stochastic process controlling subtype identity within each of the three temporal windows (Aso et al., 2014) . Thus, it is likely that each of the three broad mushroom body temporal windows can be subdivided further, either by additional extrinsic cues or perhaps by a tTF series. Finding candidate tTFs will be aided by performing single neuronal cell sequencing through several development stages to increase temporal resolution.
Shared mechanisms of temporal patterning during neurogenesis between invertebrates and vertebrates
It is well established that extrinsic cues play important roles during vertebrate neurogenesis, either by regulating temporal competence of neural stem cells or by controlling the timing of temporal identity transitions (Kawaguchi, 2019) . Competence changes mediated by extrinsic cues were demonstrated in classic heterochronic transplantation studies that showed that young donor progenitors produce old neuronal types when placed in older host brains. (Desai and McConnell, 2000; Frantz and McConnell, 1996; McConnell, 1988) . Recent studies show that the reverse is also true when old progenitors are placed in a young environment . The progressive restriction of competence in some vertebrate progenitors is similar to Drosophila VNC neuroblasts, which are only competent to produce early neurons for a limited number of cell divisions (Cleary and Doe, 2006; Kohwi et al., 2011 Meng et al., 2019) . The role of extrinsic cues in timing temporal transition was recently demonstrated in the vertebrate hindbrain, where neural stem cells progressively produce motor neurons followed by serotonergic neurons before switching to producing glia (Chleilat et al., 2018; Dias et al., 2014) . The motor neuron to serotonergic neuron switch is fine-tuned by TGFb signaling, similar to how ecdysone and Activin fine-tune the Imp to Syp transition in Drosophila central brain and mushroom body neuroblasts.
However, in the mushroom bodies, we showed that Activin signaling also defines a new temporal window to increase neuronal diversity. Since it is likely that many more neuronal types exist within the broad motor and serotonergic neuronal categories in vertebrates, it would be interesting to determine if neuronal subtypes are lost in TGFb mutants, similar to how mid-temporal identity is lost in the mushroom bodies in Activin receptor mutants.
In addition to similarities in extrinsic temporal patterning, mechanisms of intrinsic temporal patterning are also conserved (Alsio et al., 2013; Elliott et al., 2008; Konstantinides et al., 2015; Mattar et al., 2015; Shen et al., 2006) . For example, vertebrate retinal progenitor cells use an intrinsic tTF cascade to bias young and old retinal fates (Elliott et al., 2008; Mattar et al., 2015) . tTF series also seem to exist in cortical radial glia progenitors and even in the nerve cord (Delile et al., 2019; Gao et al., 2014; Llorca et al., 2019; Telley et al., 2016 Telley et al., , 2019 . Recent results also show the importance of post-transcriptional regulation in defining either young or old cortical fates (Shu et al., 2019; Zahr et al., 2018) , which can be compared to the use of posttranscriptional regulators that are a hallmark of neuronal temporal patterning in Drosophila central brain neuroblasts. These studies highlight how the mechanisms driving the diversification of neuronal types are conserved while providing hope that a finite number of methods are used to build brains of all sizes and complexity and that we are closer to understanding them.
Drosophila strains and MARCM
Flies were kept on standard cornmeal medium at 25°C. For MARCM experiments, embryos were collected every 12 hours. After 24 hours, L1 larvae were placed at 37°C for 2 hours for neuroblast clones or 15 minutes for GMC clones. To target GMCs at L3, larvae were aged for 84 hours and then placed at 37°C for 15 minutes. Brains were dissected from 1-5 day old adults.
We used the following transgenic and mutant flies in combination or recombined in this study. 
Immunohistochemistry and microscopy
Fly brains were dissected in ice-cold PBS and fixed for 15-20 minutes in 4% Formaldehyde (v/w) in 1XPBS. Following a 2 hour wash in PBST (1XPBS + 0.3% Triton X-100), brains were incubated for 1-2 days in primary antibodies diluted in PBST, followed by overnight with secondary antibodies diluted in PBST. After washes, brains were mounted in Slowfade (Life Technologies) and imaged on either a Leica SP5 or SP8 confocal. Images were processed in Fiji and Adobe Illustrator (CC18).
We used the following antibodies in this study: 
Cell counts quantification
All confocal images were taken with a step size of three microns. Using Fiji, each image was cropped to limit the area to a region containing mushroom body cell bodies. In all cases, GFP+ cells were manually counted. To count a'b' neurons, images were split into their individual channels and the channel containing Mamo staining was automatically binarized to account for weak and strong Mamo expression using either Default or RenyiEntropy thresholding. Binarized images were processed further using the Watershed method to differentiate between contacting cells. The number of particles (i.e., strong Mamo cells) measuring between 50-infinity squared pixels were automatically counted using the Analyze Particles function and a separate channel containing bare outlines of the counts was produced and inverted. This method automatically produced the total number of strong Mamo+ cells. Individual channels were then remerged.
Outlines drawn from the Analyze Particles function that overlapped with GFP+ cells were defined as a'b' neurons within a clone. In the eight cases where two mushroom body neuroblasts were labeled in a single hemisphere (wildtype:1, babo, UAS-EcR: 3, babo, UAS-EcR, UAS-Syp: 2, babo, UAS-Syp: 2), the total number of a'b' neurons within clones was divided by 2.
Imp and Syp fluorescence quantification
All brains used for quantifying Imp and Syp fluorescence values in babo or EcR-DN mutants were prepared together. Additionally, all images used for quantification were imaged using the same confocal settings for each channel. Fluorescence measurements were made in Fiji. Values for Imp and Syp were measured within the same hand-drawn area encompassing the entire neuroblast from a single z-slice.
Statistics
Statistical tests were performed in Excel or R. The exact tests used are reported in the figure legends.
